exp(−89,000/RT) cm 2 /s. In both cases, the activation energies are in units of kJ/mol. While oxygen exchange with pure ZrO 2 was not observed under the conditions of the present experiments, such exchange did occur to a limited degree when PdO was supported on ZrO 2 , the degree of exchange increasing with decreasing PdO particle size.
INTRODUCTION
Palladium oxide supported on zirconia is known to be a particularly active catalyst for the combustion of methane (1) (2) (3) (4) (5) (6) . Analysis of the reaction kinetics suggests that dissociatively adsorbed CH 4 reacts with oxygen atoms present at the surface of PdO particles. The oxygen lost from the catalyst is replenished by dissociative adsorption of O 2 from the gas phase and by diffusion from the catalyst bulk. For this reason it is of interest to measure the dynamics of oxygen adsorption and desorption, as well as the dynamics of oxygen diffusion through bulk PdO. The dynamics of both processes were investigated in the present study by means of isotopic tracer techniques. While this approach has been used previously to study oxygen exchange between gas phase O 2 and a metal oxide (7) (8) (9) (10) (11) (12) , its application to PdO has been reported only once before (7b).
EXPERIMENTAL
The PdO/ZrO 2 catalyst was prepared by incipient wetness impregnation. Pure ZrO 2 (RC-100P, Daichi Kigenso Kagaku Kogyo Co.), used as the support, was heated in air from room temperature to 1073 K at a rate of 0.33 K/s. The support was held at this temperature for 24 h and 1 To whom correspondence should be addressed. E-mail: bell@cchem. berkeley.edu. then cooled to room temperature. After calcination, the N 2 BET surface area of the support was 16-25 m 2 /g. The calcined support was impregnated with an aqueous solution of Pd(NO 3 ) 2 (10 wt% solution in 10 wt% nitric acid, Aldrich) to the point of incipient wetness and then dried in air for 1-2 h. These catalysts were heated from room temperature to 523 K in air at 0.0083 K/s to prevent rapid decomposition of Pd(NO 3 ) 2 (6) . Subsequently, the temperature was increased at 0.17 K/s up to 773 K and then held at this temperature for 10 h before cooling down to room temperature. The Pd concentration (7.9%) was determined by elemental analysis.
Isotopic tracer studies were carried out in a cylindrical microreactor. The reactor was 250 mm long and had an inner diameter of 4 mm at both the inlet and the outlet. The center of the reactor was 8 mm wide and contained a quartz frit to support the catalysts. The reactor was heated by an electrical furnace connected to a temperature controller (CN2012, Omega). Gas was provided to the reactor from a flow manifold. The flow rate of each gas was regulated by electronic flow controllers (Tylan FC-280, RO-28). A quadrupole mass spectrometer (UTI Model 100C) was used to analyze the reactor effluent. Dispersion was measured by H 2 -O 2 titration at 373 K (8). The catalyst was first reduced in mixture of 25% H 2 (99.9% purity, Airco) in He (UHP Grade, Middleton Bay Airgas) flowing at 0.33 cm 3 /s and then purged in pure He for 0.5 h. Then the gas stream was changed to 20% O 2 in He (premixed, Middleton Bay Airgas). At 373 K, a single monolayer of palladium oxide was formed at an oxygen partial pressure of less than 46.7 kPa (13). Finally, pulses of 0.4 cm 3 of H 2 were passed through the reactor to titrate the surface oxygen atoms until no further consumption of H 2 was detected by mass spectrometry. The dispersion of Pd (14%) was calculated on the basis of the following stoichiometry (13):
Temperature-programmed isotopic exchange (TPIE) of the oxygen in PdO was carried out in the following manner. The catalyst (∼0.5 g) was first heated in 16 16 O 2 600 s after the initial isotope switch when appreciable changes were no longer observed in the concentration of any of the oxygen isomers.
METHODS OF DATA ANALYSIS
At the conditions of the present experiments, the reactor can be modeled as a continous-stirred tank reactor, since the particle Peclet number is 0.06, indicating a high degree of axial dispersion (14) (15) (16) . Species balance equations are used to relate the mole fraction of each molecular oxygen species in the gas phase (y A 2 , y AB , and y B 2 ) to the mole fraction of atomic oxygen on the catalyst surface (x A,s ). Note that throughout this paper for simplicity, we designate species 16 O and 18 O as "A" and "B", respectively. Therefore, A 2 stands for 16 O 2 and so forth. Equation [1] represents the species balance for 16 O 2 at each time after the isotopic switch from A 2 to B 2 . In this equation, V, is the reactor volume, ε is the reactor void fraction, Q is the volumetric flowrate of gas, C O 2 ,g is the concentration of O 2 in the gas phase, c O,s and c v are the surface concentrations of oxygen and vacancies, k 1 and k −1 are the rate coefficients for adsorption and desorption of O 2 , and x A,s is the fraction of atomic oxygen in the form of A (
16 O) at the surface of the catalyst:
The three terms on the right-hand side of Eq. [1] represent the molar flow rate of oxygen out of reactor, the rate of 16 O 2 desorption, and the rate of 16 O 2 readsorption. The species balance equations for AB and B 2 are similar:
The isotopic composition of the gas phase in the reactor is assumed to change very slowly during most of the isotope-exchange period so that a pseudo-steady-state approximation is valid. Our experimental data demonstrated that the magnitude of the left-hand side of Eqs. [1] - [3] is small compared to the magnitudes of the terms appearing on the right-hand side of these equations. Setting the left-hand side of Eqs. [1] - [3] to zero and rearranging the remaining terms lead to equations for y A 2 , y AB , and y B 2 in terms of x A,s ,
[4]
where Da =
is the Damkohler number for a second-order irreversible reaction (14) .
Equation [5] shows that the fraction of O 2 present as 16 O 18 O in the gas phase (y AB ) will be a maximum when the surface is equally covered with 16 O and 18 O (x A,s = 0.5). Isotopic exchange of 18 O for 16 O in the bulk of the PdO particles requires intraparticle diffusion. Assuming the PdO particles to be spherical with a radius R, the rate at which the isotopic fraction of oxygen exchanges is governed by the diffusion equation (14) 
where c O,b is the concentration of O in bulk PdO, x A is the fraction of O in the bulk phase that is A. r is the radial distance from the center of the spherical catalyst while t is the elapsed time after the isotopic switch was made, and D AB is the diffusivity of oxygen in PdO. Equation [7] can be nondimensionalized by defining
Substituting Eq. [8] into Eq. [7] gives
The boundary condition on Eq. [9] is
∂r * | r * =0 = 0 at r * = 0. The boundary condition at r * = 1 is defined by setting the rate of A diffusion at the particle surface to the net rate at which A is removed from the surface by desorption steps (2A → A 2(g) and A s + B s → AB (g) ). Therefore,
where
,s because the rates of oxygen adsorption and desorption are equivalent since isotopic exchange occurs under equilibrium conditions.
Taking
(σ is the thickness of a monolayer of PdO), and substituting for y A 2 and y AB from Eqs. [4] and [5] , respectively, allows Eq. [10] to be rewritten as follows:
The initial condition is x A = 1 for all r * at t * = 0, because PdO is initially Pd 16 O. The solution for Eq. [9] with the boundary conditions and the initial condition specified above is derived in the Appendix. The final expression for x A is
The eigenvalues, λ, are given by the roots of
Note that the value of x A,s can be found from Eq. [13] by setting x A,s = x A (r * = 1 ). Figure 1 illustrates the effect of temperature on the rate of oxygen isotope exchange between 18 Turnover rates for 18 O 2 consumption per exposed Pd atom are plotted in the Arrhenius plot of Fig. 2 . The slope of this Arrhenius plot gives an apparent activation energy of 84 kJ/mol. As shown below, this value is approximately equal to the activation energy for oxygen diffusion through PdO. Similar measurements were also made for Pd/ZrO 2 catalysts prepared with higher loadings of Pd. Table 1 with increasing PdO particle size, enabling diffusion to occur more rapidly (17) . Similar arguments have been used to explain the increase in the turnover frequency for CH 4 combustion over supported PdO (6) . It should also be noted that the apparent activation energies reported in Table 1 [6] by the least-squares method to determine x A,s (t) and Da. The resulting plot of x A,s versus time is shown in Fig. 3 , as are the corresponding plots of y A 2 , y AB , and y B 2 versus time. The error in the fitting is minimal as the fitted curves completely overlap with the data points. Table 2 lists the values of α determined from the values of Da measured at between 613 and 693 K. The temperature dependence of α (α = k −1 c 2 O,s ) predominantly reflects the temperature dependence of k −1 because the surface concentration of oxygen is always the same by definition because it is in chemical equilibrium with the gas phase. Therefore, the activation energy for associative recombination of O atoms is calculated to be 144 kJ/mol. If it is further assumed that c O,s = 10 15 atoms/cm 2 , then the preexponential factor associated with k −1 is 1.4 × 10 13 s −1 , a reasonable value for associative recombination (18) . Figure 3 shows that x A,s declines rapidly from 1 to 0.75 and more slowly thereafter. The initial transient is attributed to the rapid exchange of 16 O for 18 O at the surface of the supported PdO particles. As PdO surfaces are depleted of 16 O, the rate of 16 O diffusion from the bulk increases, and the rate of 16 O evolution from PdO decreases. The diffusivity for oxygen through PdO can be obtained by analysis of a plot of the mole fraction of 16 O content at the PdO surface, x A,s , versus the average mole fraction of 16 O in PdO,x A . Plots of x A,s versusx A are shown in Fig. 4 for temperatures of 653, 673, and 693 K. The value of x A,s should approach zero asx A goes to zero. The observation of a nonzero intercept for all temperatures suggests the existence of a pool of 16 O that contributes to isotopic exchange after all of the 16 O in PdO is consumed. One possibility is that the presence of PdO particles facilitates the exchange of oxygen with the ZrO 2 support. If this were the case, the deviation from a nonzero intercept should become more severe as the PdO 
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FIG. 4.
Plot of mole fraction of 16 O at the surface of PdO particles versus averaged mole fraction of 16 O in the bulk of the PdO particles.
particle size decreases. Consistent with this hypothesis, it was observed (data not shown) that the y-intercept was as high as 0.5 for isotopic exchanges on a 2.5% PdO/ZrO 2 catalyst (19% dispersion). A similar effect of particle size has been reported for Rh supported on Al 2 O 3 (19, 20) , where it was observed that small Rh particles facilitate oxygen exchange with the support. The model of oxygen atom transport through PdO and isotopic exchange at the particle surface, described by Eqs. [9] - [15] , can be used to generate a theoretical plot of x A,s versusx A . The first step is to generate a theoretical plot of x A (r * ) for different times after the onset of an isotope-exchange experiment. = 5. In this case, the value of x A,s drops rapidly from unity to 0.6 during the first minute, while the interior of the PdO particle retains a value of x A = 1. After about 5 min, the extent of 16 O depletion becomes sufficient for the value of x A,s within the particle to slowly decline with time.
A plot of x A,s versusx A is generated by determiningx A for a given time from the integral of the the corresponding curve of x A (r * ). Figure 6 shows a plot of x A,s versusx A for different values of . The shapes of these curves are similar to that seen in Fig. 4 ; and close agreement between theory and experiment is achieved when = 5. From this value of , it is determined that D AB = 1.6 × 10 −10 exp(−89,000/ RT) cm 2 /s. The activation energy for diffusion, 89 kJ/mol, determined in this fashion is very close to the value of the apparent activation energy for isotopic exchange, 84 kJ/ mol, determined from Fig. 2 . The reason for this agreement becomes apparent once it is recognized that the net rate of 18 O 2 consumption per unit area of PdO particle surface,
If it is assumed that c O,s and the gradient in x A,s are not strongly temperature dependent, then D AB is the sole factor on the right-hand side of the equation exhibiting a temperature dependence.
CONCLUSIONS
The dynamics of oxygen exchange with PdO supported on ZrO 2 were investigated by isotopic tracer methods. The rate coefficient for recombination of O atoms at the surface of PdO is found to be 1. [18]
The first boundary condition suggests that the isotope concentration is finite; it implies that g 3 = 0, [19] since lim r * →0 cos √ λr * r * → ∞.
[20]
The second boundary condition (Eq. [12] ) requires that 
. [14] .
